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Abstract 
We conducted synthetic experiments to evaluate the effects of shallow-layer reverberation in oceanic regions on 
P-wave travel times measured by waveform cross-correlation. Time shift due to waveform distortion by the rever-
beration was estimated as a function of period. Reverberations in the crystalline crust advance the P-waves by a 
frequency-independent time shift of about 0.3 s in oceans. Sediment does not affect the time shifts in the mid-ocean 
regions, but effects as large as −0.8 s or more occur where sediment thickness is greater than 600 m for periods 
longer than 15 s. The water layer causes time delays (+0.3 s) in the relatively shallow (<3500 m) water region for 
periods longer than 20 s. The time shift may influence mantle images obtained if the reverberation effects are not 
accounted for in seismic tomography. We propose a simple method to correct relative P-wave travel times at two sites 
for shallow-layer reverberation by the cross-convolution of the crustal responses at the two sites.
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Background
A seismic array observation with broadband ocean bot-
tom seismograph (BBOBS) has become a common tool 
for investigating the structure of the Earth’s interior [see 
review by Suetsugu and Shiobara (2014)]. Compared 
with land-based seismic records, BBOBS records are 
contaminated by (1) tidal noise due to deep currents and 
(2) signal-generated noise by reverberation in shallow 
layers (e.g., Blackman et al. 1995). (In the present study, 
water/ice, sediment, and the crystalline crust are con-
sidered as “shallow layers” and the “crust layer” refers to 
the crystalline crust.) The former has a peak in the period 
range of 3–5 s, which overlaps with periods of teleseismic 
body waves. It is common to apply a lowpass or bandpass 
filter to BBOBS records to avoid this noise peak. Mean-
while, the shallow-layer reverberation is excited by seis-
mic waves, which is composed of reflection/conversion 
in the shallow layers. The largest reverberation occurs in 
the water and sediment layers and is periodic with a time 
interval that approximates two-way travel time of sound 
in the water; thus, the time interval is about 5 and 8 s for 
4 and 6-km seafloors, respectively, which could interfere 
with the teleseismic body waves. Furthermore, filtering 
out tidal noise complicates the interference of teleseis-
mic body waves with the shallow-layer reverberation, 
which could result in a waveform distortion and a bias in 
travel time measurements by waveform cross-correlation 
of teleseismic body waves (Blackman et  al. 1995). This 
bias is frequency dependent, which may cause a bias in 
mantle images obtained by finite-frequency tomography 
using BBOBS data (Obayashi et al. 2013, 2016). Obayashi 
et al. (2004) addressed the effects of shallow-layer rever-
beration on PP-phases in PP-P differential time measure-
ments. Yang and Shen (2006) and Kolstrup and Maupin 
(2015) addressed the effects of crustal reverberation on 
P-wave travel times at continental stations and proposed 
a simple method to correct travel times for the effect.
In the present study, we focused on the shallow-layer 
reverberation effects on teleseismic P-waves recorded 
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on the seafloor with BBOBSs, where the reverberation 
effects are greater than those by broadband records on 
land. In particular, we estimated the effects on P-wave 
travel times measured with waveform cross-correlation 
and their frequency dependence by calculating syn-
thetic seismograms using realistic shallow-layer mod-
els. In addition, we estimated the shallow-layer effect on 
the measurement of relative travel times of teleseismic 
P-waves recorded by an oceanic seismic array, which is 
a common method to extract the travel time informa-
tion of teleseismic P-waves from BBOBS data (e.g., Wolfe 
et  al. 2009, 2011; Obayashi et  al. 2013, 2016). We were 
then able to propose a simple method to correct the rela-
tive travel times for shallow-layer reverberation.
Time shift by waveform distortion due 
to shallow‑layer reverberation
We compared a P-wave waveform incident to the Moho 
with P-wave waveforms observed on seafloors to esti-
mate the apparent time shifts caused by shallow-layer 
reverberations, including those in sediment and water 
layers. We assumed that the incident wave pulse was 
the first derivative of an impulsive function attenuated 
along the raypath from 0-km-depth focus to the station 
at an epicentral distance of 80°. We applied the t* opera-
tor to account for the attenuation using a t* value of 1.0, 
which is typical for teleseismic P-waves. To synthesize 
waveforms on the seafloor (hereafter referred to as OBS 
waveform), we calculated the response for a shallow-
layer structure using the Haskell matrix method (Haskell 
1962) and convolved it with the incident wave. Figure 1 
shows the synthetic OBS waveforms for the crustal struc-
ture given in Table  1 in comparison with the incident 
waveform. Narrow bandpass filters with central periods 
of 2.7, 5.3, 7.5, 10.6, and 21.2  s were applied. The OBS 
waveform is shifted in time by the ray theoretical travel 
time through the shallow layer so that the onset of its first 
P-wave phase is the same as the incident phase. The OBS 
waveform at the period of 2.7  s shows clear reverbera-
tions caused mainly by the seawater and sediment layers 
after the first phase incident from below. Upon applica-
tion of the longer-period bandpass filters, the first phase 
waveform was distorted by interference from the follow-
ing reverberations. This distortion causes a discrepancy 
in the time shift obtained by cross-correlation between 
the incident waveform and the OBS waveform among the 
different periods of the bandpass filters. Here, we define 
the time shift as the time difference corrected for the ray 
theoretical travel time in the shallow layer. We estimated 
the time shift for shallow layers with various thicknesses 
of seawater and sediment layers from 0 to 10,000 m. The 
shallow-layer properties except for the thicknesses of the 
seawater and sediment layers were fixed to the values 
shown in Table 1. We selected the time windows for the 
cross-correlation on the incident waveforms accord-
ing to the wave periods to ensure that all windows con-
tained at least one cycle of the waves. Figure 2 shows the 
relationships of the time shift with seawater depth and 
sediment thickness. The time shift can be both positive 
and negative according to the combinations of seawater 
depth and sediment thickness. The time shift is close to 
zero for the period of 2.7  s because the reverberations 
are sufficiently temporally separated so as not to inter-
fere with the first phase. The absolute values of the time 
shift increase with the wave period, because a longer-
period wave is more susceptible to contamination from 
the shallow-layer reverberation with a long duration, up 
to 1.86  s for the period of 21.2  s. The time shift exhib-
its significant dependence on water depth. For a given 
sediment thickness, the shift could be either positive or 
negative, depending on the water depth. The water layer 
has a characteristic depth that causes large positive time 
shifts: about 1000, 1500, and 3000 m for a period of 7.5, 
Fig. 1 Black Waveforms incident to the Moho. Red waveforms 
synthesized by convolving the crustal response for a crustal structure 
as shown in Table 1 with the incident waveform. Bandpass filter is 
applied at a central period of (a) 2.7 s, (b) 5.3 s, (c) 7.5 s, (d) 10.6 s, and 
(e) 21.2 s
Table 1 Seismic velocity, density and  thickness of  seawa‑
ter, sediment and crust layers used for Figs. 1 and 2
Seawater Sediment Upper crust Lower crust
Vp (km/s) 1.500 1.600 5.525 6.900
Vs (km/s) 0.000 0.879 3.250 3.875
ρ (g/cm3) 1.029 2.000 2.720 2.920
Thickness (km) 4.000 1.000 1.500 5.000
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10.6, and 21.2  s, respectively. For a given water depth, 
the effect of the sediment thickness is nearly constant 
for sediments greater than 1000 m. Care should be taken 
when measuring relative P-wave travel times, especially 
at sites with thick sediment layers (>1000 m) such as back 
arc basins and the seas adjacent to continents.  
Because the range of thickness of seawater and sedi-
ment layers on Earth is limited (Fig.  2a), we estimated 
the time shifts using the 2° × 2° crustal model: CRUST2.0 
(Bassin et  al. 2000). Additional file  1: Fig. A shows the 
CRUST2.0 distributions of bathymetry, sediment thick-
ness, and crust layer thickness. Figure 3 shows the global 
distribution of the frequency-dependent time shift. 
There is only a small uniform time shift (within ± 0.2 s) 
at periods of 2.7–7.5  s. The effect of the shallow-layer 
reverberation increases from −0.2 to −0.5 s with increas-
ing periods from 10.6 to 21.2 s. In particular, in regions 
with thick sediment layers, such as off the coasts of India 
and off of southeast South America, the time shifts are 
as large as −0.8 s. Alternatively, the time shifts are small 
in the shallow seafloor along spreading ridges and less 
significant in the middle of the ocean at a period of 30 s 
(within ± 0.2 s). Figure 4 presents examples of the wave 
field without and with the reverberations in CRUST2.0 
at sites with different water depths and sediment thick-
nesses, and Table  2 lists the time shifts at the different 
periods for these sites.
Figure 5 summarizes the time shifts in terms of seawa-
ter, sediment and crust layer thicknesses. Several trends 
are apparent, although crust layer thickness, sediment 
thickness, and seawater depth are not independent. For 
instance, regions with thick crust usually involve shallow 
seawater and thick sediments. The shift time has a maxi-
mum at a sea depth and the sea depth of the maximum 
increases as the period of the bandpass filter increases. 
This is considered attributable to the time interval of the 
seawater reverberations. The time shift is poorly corre-
lated with the thicknesses of the sediment and crust lay-
ers, while their mean values become negatively larger at a 
period of 30.0 s in the ranges of 3–16 km and 10–30 km 
for sediment and crust thicknesses, respectively.
Next, we examine the effect of the three layers sepa-
rately on the time shift: First, we calculated time shifts 
due solely to the crust layer by removing the water 
and sediment layers from CRUST2.0 (Fig.  6). The time 
shifts are slightly negative at periods shorter than 7.5 
and −0.3 s at periods longer than 10.6 s. The time shift 
is spatially uniform mainly because the crust structure 
is almost uniform in CRUST2.0. The crustal time shifts 
in the large igneous provinces or back-arc basins are 
also similar to those near the mid-ocean region. Next, 
we examined the effect of the sediment layer by remov-
ing the crust and water layers. The time shifts due to the 
sediment layer model have negative values (Fig.  7). The 
effect is negligible in the mid-oceanic regions, where 
sediment is thinner than 600  m. Meanwhile, it is much 
more significant for thicker sediments, becoming larger 
with longer periods. Regions with thick sediment layers 
include back-arc regions, seas adjacent to continents, and 
the Arctic Ocean. The time shifts reach −1.0 s at a period 
of 30 s. Finally, we examined the effect of the water and 
ice layers (Fig. 8). The time shift due to seawater is almost 
zero at periods shorter than 15.0  s. We observed a cor-
relation between the time shift and water depth at longer 
periods. Positive time shifts of 0.2–0.4 s were observed in 
the seafloor along spreading ridges at a period of 21.2  s 
and in seafloor shallower than 3000  m at a period of 
30.0  s. The time shift calculated from CRUST2.0 looks 
approximately like a superposition of the time shifts esti-
mated separately from the crust, sediment, and water 
layer models. The interactions among reverberations in 
each layer does not significantly affect the P-wave travel 
times. The contributions of crust, sediment, and water 
layers to the time shift can be summarized as follows. 
Oceanic crust results in negative time shift (−0.3  s) at 
periods longer than 10  s. Sediment does not affect the 
time shifts in mid-ocean regions, but affects them signifi-
cantly where sediment thickness is greater than 600 m at 
periods longer than 10  s. Water layer results in positive 
time shifts (+0.3 s) in relatively shallow (< 3500 m) water 
regions at periods longer 20 s.  
Effect on relative travel times and its correction
Next, we dealt with the relative P-wave travel times 
among stations in a seismic array, which have often 
been measured and used for recent seismic tomography 
(Wolfe et al. 2009, 2011; Obayashi et al. 2013, 2016). We 
examined the effects of shallow-layer reverberation on 
the relative travel times and methods for correcting the 
effects of reverberation in the study of P-wave tomog-
raphy for the mantle structure. As an extreme case, we 
assumed that one station was located on the seafloor and 
the other was on land. The shallow-layer structures at the 
two sites are shown in Table 3. The seafloor was set to a 
depth of 4000  m deep, and the sediment thickness was 
500 m (called the “seafloor model”). We used the AK135 
model (Kennett et  al. 1995) for the land site. The man-
tle structure of the seafloor model was taken from the 
AK135 model. We calculated synthetic seismograms 
using the two models with the Direct Solution Method 
(Takeuchi et al. 1996) for a focal depth of 600 km and an 
epicentral distance of 80°. The top panel of Fig. 9 shows 
the synthetic seismograms from the two models. The 
synthetics for the seafloor model are shown in red, after 
shifting in time by the travel time difference between 
two shallow-layer models as predicted via ray theory 
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(the P-wave for the seafloor model arrives faster than 
the AK135 model because of the deeper site location and 
thinner crustal layer). The synthetics are indicated by the 
broken blue lines at times of maximum correlation with 
the synthetics for the AK135 model. Therefore, the dif-
ference in time between the red and blue waveforms can 
be considered the time shift due to the different shallow-
layer structures at the two sites. Shallow-layer reverbera-
tions, mainly from water and sediment layers, are clearly 
observed for the seafloor model at a period of 2.7 s and 
their interferences with the main P-wave are apparent at 
longer periods. Time shifts are clearly observed for the 
Fig. 3 Global distribution of the time shift of teleseismic P-waves due to reverberations for crustal structures from CRUST2.0. Bandpass-filtered at a 
central period of a 2.7 s; b 3.8 s; c 5.3 s; d 7.5 s; e 10.6 s; f 15.0 s; g 21.2 s; h 30.0 s
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waveforms at the periods of 7.5 and 10.6 s. We measured 
the differential travel time between the two stations as 
a function of the period by cross-correlating synthetics 
from the two models using eight different bandpass filters 
at center periods of 2.7, 3.8, 5.3, 7.5, 10.6, 15.0, 21.2, and 
30.0  s. Figure  10 shows the measured differential travel 
times after correction for ray theoretical travel time dif-
ference (i.e., time shift). Smaller time shifts signify a 
smaller effect from shallow-layer reverberation on travel 
time, which is desirable for mantle tomography. The time 
shift becomes significant, up to about 0.3  s, at the peri-
ods of 7.5 and 10.6 s, which may influence mantle images 
if the crustal effects are not accounted for in seismic 
tomography.
We propose a simple method to correct for the effects 
of the shallow-layer reverberation in measuring the rela-
tive travel time between the two stations by cross-corre-
lation. Waveforms at the ith and jth stations ui(t) and uj(t) 
are expressed by convolution as:
where fi and fj are the incident waveforms at the bot-
tom of the crust at the ith and jth stations, which are not 
contaminated by shallow-layer structure beneath the 
stations, ri and rj are the responses for the shallow-layer 
structures at the two stations. We can correct the crustal 
effects by performing a cross-convolution of the wave-
forms ui and uj with rj and ri, respectively, as follows:
Since uij and uji are equalized for the effect of the shal-
low-layer reverberation, the cross-correlation of fi and fj, 
which represents mantle effects, is same as that of uij and 
uji. We can obtain a time shift that is uncontaminated 
by the shallow-layer reverberation from the cross-cor-
relation of uij and uji. Figure 10 shows that the corrected 
time shifts are almost zero. To remove the shallow-layer 
reverberation effect, it is theoretically correct to perform 
deconvolution of the crustal response r(t) from the origi-
nal waveform u(t) to obtain f(t). The cross-convolution 
(3) and (4) is, however, more feasible, since it is numeri-
cally stable as compared with the deconvolution.
Discussion and conclusion
We showed that the oceanic shallow-layer reverberation 
causes to advance/delay P-wave travel times measured by 
waveform cross-correlation. This time shift depends on 
frequency and thus induces dispersion. The time shifts 
estimated from CRUST2.0 are mostly negative, while 
they can be positive or negative under the conditions of 
seawater and sediment thicknesses beyond those found 
on Earth (Fig.  2). Regarding the condition of continen-
tal thickness, the crust layer reverberation also causes 
advances in the P-wave (Yang and Shen 2006). The aver-
ages and standard deviations of the time shift differences 
at periods of 30.0, 21.2, 15.0, 10.6, 7.5, 5.3, and 3.8 s with 
respect to a period 2.7 s are −0.24 ± 0.35, −0.30 ± 0.22, 
−0.31 ± 0.17, −0.21 ± 0.11, −0.12 ± 0.07, −0.06 ± 0.04, 
(1)ui(t) = fi(t) ∗ ri(t)
(2)uj(t) = fj(t) ∗ rj(t)
(3)uij(t) = ui(t) ∗ rj(t) = fi(t) ∗ ri(t) ∗ rj(t)
(4)uji(t) = uj(t) ∗ ri(t) = fj(t) ∗ rj(t) ∗ ri(t)
Fig. 4 Examples of OBS waves for several points with different 
plate ages and tectonics. Latitude and longitude of each point are 
indicated at the top left corner of each waveform, and seawater depth, 
sediment thickness and crust layer thickness from CRUST2.0 are 
indicated at the top right corner from top to bottom
Page 7 of 12Obayashi et al. Earth, Planets and Space  (2017) 69:44 
and −0.02 ± 0.02 s, respectively, which is comparable to 
those for continental crust layer.
We compared these values to the effects of mantle het-
erogeneity by calculating the travel times for an exist-
ing three-dimensional velocity model as a function of 
period based on the finite-frequency theory. We used the 
P-velocity model obtained by Obayashi et al. (2016) using 
data from the Tomographic Investigation by seafloor 
Array Experiment for the Society hot spot (TIARES) 
BBOBS network (Suetsugu et  al. 2012) as the part of 
global data set including the arrival time data from the 
International Seismological Centre. The travel times of 
the TIARES BBOBS network were estimated for all the 
same events used for the tomography, and root mean 
Table 2 Time shift (s) due to reverberation for crustal structures of CRUST2.0 at the points (a–f) shown in Fig. 4 as a func‑
tion of center period Tc
Tc (s) a b c d e f
2.7 0.00 0.00 −0.02 −0.04 −0.04 −0.04
3.8 0.00 0.00 −0.06 −0.06 −0.08 −0.08
5.2 −0.80 0.00 −0.12 −0.10 −0.16 −0.10
7.5 −0.16 −0.04 −0.24 −0.16 −0.26 −0.16
10.6 0.18 −0.10 −0.38 −0.26 −0.46 −0.22
15.0 0.20 0.02 −0.16 −0.20 −0.32 −0.28
21.2 −0.16 −0.02 −0.16 −0.04 −0.06 −0.36
30.0 −0.56 −0.42 −0.62 −0.22 −0.48 −0.06
Fig. 5 Time shift due to reverberation for crustal structures of CRUST2.0 as a function of sea depth (left), sediment thickness (center), and crust layer 
thickness (right). Average of the time shift in the range of ±160 m, ±400 m, and ±1 km of each point for the sea depth, sediment thickness, and crust 
layer thickness is indicated by a circle, and maximum and minimum values are indicated by a vertical bar. Bandpass-filtered at a central period of 2.7 s 
(open circle), 3.8 s (blue), 5.3 s (red), 7.5 s (green) in the top panels, 10.6 s (open circle), 15.0 s (blue) 21.2 s (red), and 30.0 s (green) in the bottom panels
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squares of travel time differences at periods of 30.0, 21.2, 
15.0, 10.6, 7.5, 5.3, and 3.8  s with respect to a period 
2.7  s were 0.28, 0.24, 0.20, 0.14, 0.09, 0.06, and 0.03  s, 
respectively. Amplitudes of these values are compara-
ble to the time shifts caused by the shallow-layer rever-
beration, indicating that correcting for the shallow-layer 
reverberation is indispensable for extracting mantle 
signals.
The synthetic experiment indicated that shallow-
layer reverberation could influence the cross-correla-
tion measurements of the relative travel time among a 
BBOBS array at periods longer than 10 s. We proposed a 
Fig. 6 Same as Fig. 3 but time shift due solely to crust layers from CRUST2.0. Bandpass-filtered at a central period of a 2.7 s; b 3.8 s; c 5.3 s; d 7.5 s; e 
10.6 s; f 15.0 s; g 21.2 s; h 30.0 s
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simple method to correct differential P-wave travel times 
between two sites for shallow-layer reverberation by 
cross-convolution of the shallow-layer responses at the 
two sites. An appropriate shallow-layer model is required 
for the correction. The crust layer effect is uniform in 
oceans and is not very sensitive to difference in thickness 
as shown in Fig. 6; therefore, the global crust models such 
as CRUST1.0 (Laske et al. 2013) and CRUST2.0 (Bassin 
et  al. 2000) are useful. Global water depths are docu-
mented, based on satellite altimetry and echo sounding 
by ships (e.g., ETOPO2.0). Sediment thickness and 
velocity may be least documented in the shallow-layer. 
Fig. 7 Same as Fig. 3 but time shift due solely to sediment layers from CRUST2.0. Bandpass-filtered at a central period of a 2.7 s; b 3.8 s; c 5.3 s; d 7.5 
s; e 10.6 s; f 15.0 s; g 21.2 s; h 30.0 s
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Although the sediment effect is negligible in mid-ocean 
regions, the effect is significant in regions of sediment 
thicker than 600  m such as back-arc basins and seas 
adjacent to continents. In such regions, it is important to 
obtain the sediment information (e.g., using an airgun) in 
addition to data from the global crust models.
Fig. 8 Same as Fig. 3 but time shift due to sweater and ice layers from CRUST2.0. Bandpass-filtered at a central period of a 2.7 s; b 3.8 s; c 5.3 s; d 7.5 
s; e 10.6 s; f 15.0 s; g 21.2 s; h 30.0 s
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